Aims. We investigated the photometric properties of asymptotic giant branch (AGB) stars of the dwarf irregular galaxy IC 1613 and its metallicity. Methods. We used near-infrared JHK s photometric data obtained with the WIRCam array on Canada-France-Hawaii Telescope (CFHT). The optical gi imaging data of a previous study were cross-matched with ours to distinguish the stellar populations in the galaxy and to select the AGB stars. We also separated the C stars from the M-giant stars in the JHK s color−color diagram. Results. We identified 140 C stars and 306 M-giant stars in IC 1613. The (J − K s ) color histogram of AGB stars shows the main peak of M-giant stars and the red tail of C stars. The broad color distribution of M-giant stars and the isochrones in the color magnitude diagram indicate that IC 1613 has a wide range of intermediate-age stars. We also know that most C stars were formed over the past 2−8 Gyr according the M bol -age relation. The C/M ratio of 0.46 ± 0.05 was estimated and [Fe/H] abundance of −1.23 ± 0.06 was derived from the C/M ratio. Radial distributions of C/M ratio and metallicity show the shallow trend of the negative metallicity gradient from the center. The local C/M ratio also indicates that the HI cavity has higher C/M values than the bright HI spot and HI gas region. However, the low [Fe/H] value near the central region of the galaxy is likely to be caused by the change in age of the dominant stellar population according to the radial distance, not the real metallicity variation. It might also be that relatively younger and metal-rich C stars are concentrated in the center of the galaxy, while the M-giant stars were homogeneously distributed from the center to the borders of the galaxy.
Introduction
The studies of resolved stellar populations in galaxies provide important clues for investigating galaxy evolution, star formation, and the mean abundance of galaxies. Dwarf galaxies are the most numerous and common galaxies in the universe. The dwarf galaxies in the Local Group facilitate the study of galaxy evolution and star formation in the resolved stellar populations because they are spatially close to us (e.g., Hodge 1989; Da Costa 1998; Grebel 1999; Tolstoy 1999) . In particular, gas-rich dwarf irregular galaxies are excellent laboratories in which to study the interplay between the resolved stellar population, interstellar medium, and star formation (Mateo 1998) .
Among the several stellar populations in galaxies, asymptotic giant branch (AGB) stars are good objects for investigating galaxy evolution and structure because AGB stars are among the most luminous stars in the galaxy and thus are easily detectable in distant galaxies. In addition, the evolutionary phase of these stars is so sensitive to stellar age and metallicity that AGB stars are a useful indicator for understanding the formation and evolution of a galaxy. Furthermore, the AGB stars are important for studying the light from high-redshift galaxies, because distant young galaxies have a significant fraction of intermediate-age AGB stars, and thus 80% of their infrared light comes from the luminous AGB stars (Maraston 2005; Maraston et al. 2006) . Thus, it is important to study the properties of AGB stars in nearby galaxies, and to understand galaxy evolution and formation.
AGB stars vary their light by pulsation, and experience a significant mass loss. They are classified into two types of stars depending on which materials are dominant in the atmosphere. During the thermal pulses (TP-AGB) process, the materials produced by triple-α reaction in the He-burning shell are mixed into the surface by a dredge-up process (Iben & Renzini 1983) . The mixing process can change the dominant elements in the atmosphere from oxygen to carbon. Thus, the stars with more oxygen than carbon are known as oxygen-rich (C/O < 1) M-giant stars, while the stars with more carbon than oxygen are classified as carbon-rich (C/O > 1) C stars (Nowotny et al. 2003) . The C stars generally show an extended red tail on the near-infrared color−magnitude diagram (CMD); this distinguishes them from the M-giant stars. The number ratio (C/M) between the two types of stars is used as an indirect metallicity indicator because this ratio is anticorrelated with the metal abundance (Battinelli & Demers 2005; Cioni & Habing 2005; Cioni 2009 The source IC 1613 provides an excellent opportunity to study the history of galaxy evolution and star formation. IC 1613 is a gas-rich dwarf irregular galaxy located 730 kpc from our Sun (Dolphin et al. 2001) , is isolated, and is known to have no interaction with other galaxies. Cole et al. (1999) found a significant number of old red giant stars and discussed constant star formation. More recently, Skillman et al. (2003 Skillman et al. ( , 2014 also confirmed that the star formation history of IC 1613 agrees with being constant over the entire lifetime of the galaxy, ruling out a dominant episode of star formation. On the other hand, Albert et al. (2000) classified 195 C stars using narrow CN and TiO band photometry data and found that the C stars were displayed up to 15 from the center of the galaxy. Sibbons et al. (2015) also investigated the distribution of the AGB stars in IC 1613, derived an average C/M ratio, and inferred a metal abundance [Fe/H] of −1.26 ± 0.07 from the C/M ratio.
In this study, we investigate the properties of the AGB stars in the dwarf irregular galaxy IC 1613 as the fifth study in a series of the photometric properties of AGB stars in Local Group dwarf galaxies from near-infrared photometry. We have studied the near-infrared photometric properties of AGB stars in three dwarf elliptical galaxies: NGC 185, NGC 147, and NGC 205 (Kang et al. 2005; Sohn et al. 2006; Jung et al. 2012) , and in one dwarf irregular galaxy: NGC 6822 . Section 2 introduces the near-infrared JHK s observation of IC 1613, the data reduction, and the photometry. The selection of AGB stars in IC 1613 and their photometric properties are presented in Sect .3. In Sect. 4, we discuss the distribution of AGB stars and the metallicity of the galaxy. A summary of the results is given in Sect. 5.
Observation, data reduction and photometric measurements
The photometric imaging data of IC 1613 were obtained by Queued Service Observing (QSO) with the WIRCam IR array on the 3.6 m Canada-France-Hawaii Telescope (CFHT) in Hawaii in July 2007. The WIRCam array is the latest wide-field nearinfrared mosaic detector of four 2048 × 2048 HgCdTe arrays, which together cover an area of 21 × 21 with a pixel scale of 0. 3. The imaging data were recorded by a series of short exposures of 30 s in J, 15 s in H, and 25 s in K s . Five-point dithering with 90 offset was applied to facilitate the rejection of bad pixels and cosmic rays, as well as to fill in the 45 gaps between the arrays. At each dithered point, four micro-dithered observations with a small offset of 0.5 pixels were employed to obtain well-sampled stars. Thus, total integration exposure times on the central field of IC 1613 were 600 s in J, 300 s in H and 500 s in K s . Sky images were also obtained after observing the target images with the same observational strategy as was employed for the target galaxy. Table 1 shows the observation summary. The obtained images were detrended (dark-subtraction, flat fielding, and removal of crosstalk, etc.) with the IDL Interpertor of the WIRCam Images (I'IWI) pipeline at CFHT. Blank-sky images were constructed by median-combining the detrended sky images to remove the thermal emission artifacts. We subtracted the resulting blank-sky images from all the target images, and the residual sky levels were also removed from the images. Then, we derived a global astrometric solution and photometric solution to calibrate the spatial distortion and chip-tochip variations, using TERAPIX software tools (e.g., SExtractor, SCAMP, WeightWatcher, and SWarp; Bertin 2006; Bertin et al. 2002 ). The processed images were then co-added into one final data set with the derived astrometric and photometric solutions. Finally, we were able to obtain wide-field images of 24 × 24 for the JHK s filter bands, and the average seeing condition in the final images was between 0. 53 ∼ 0. 59. The average seeing conditions for each filter are indicated in Table 1 .
The instrumental magnitudes of the stars in IC 1613 were measured by the point-spread function (PSF) fitting routines DAOPHOT II/ALLSTARS (Stetson 1987; Stetson & Harris 1988) . The PSF was first constructed with 200−300 bright and isolated stars, and it was improved by removing the neighboring faint stars. Then, the instrumental magnitudes were calibrated using the stars in the Two Micron All Sky Survey (2MASS, Cutri et al. 2003 ) point-source catalog over the same field. We detected a total of 22 643 stars in all JHK s images on the ∼24 × 24 field of the WIRCam observations. Then, we combined and crossmatched our calibrated magnitudes with the photometric measurements of Battinelli et al. (2007a) in optical bands to distinguish the stellar populations of IC 1613 in the color-magnitude diagrams with wide-wavelength colors (see Sect. 3.2). We obtained 13 378 stars that were in common to our photometric data and the optical data of Battinelli et al. (2007a) .
The sample completeness fraction and the uncertainties of the photometric measurements were examined by performing artificial star experiments on the JHK s images. We added 400 artificial stars to each experiment to avoid increases in the amount of crowding. We added a total of 10 000 artificial stars to the JHK s images by executing 25 artificial star experiments. Figure 1 shows the results of the artificial star experiments for each JHK s image; the completeness ratio defined as the recovery rate of the input artificial stars, the rms difference in magnitudes ( M) between the input and measured brightness, and the standard deviation of M(σ). The completeness ratio of each filter decreases significantly below ∼90% at the levels of 21.6, 20.4, and 20 .3 mag in the J, H, and K s images, respectively. Here, we note that the stars brighter than the magnitude of the tip of the red-giant branch (TRGB), that is K s = 18.2 (see Sect. 3.2), were used in our analysis, thus the incompleteness problem at a magnitude fainter than K s = 18.2 does not affect our analysis.
Photometric properties of the AGB stars in IC 1613
3.1. Adopted reddening, distance, and metallicity range
The high Galactic latitude (b ∼ −60 • ) of IC 1613 provides low extinction and color excess. Several studies with optical data have provided a low-extinction value of E(B − V) = 0.02 ∼ 0.04 (Sandage 1971; Freedman 1988; Cole et al. 1999) for IC 1613. The map of Schlegel et al. (1998) , based on the dust infrared emission feature of the COBE and IRAS data, gives the reddening value of E(B − V) = 0.03 for IC 1613. In this study, we adopted the reddening value of Schlegel et al. (1998) , and we estimated the interstellar absorptions in JHK s to be A J = 0.025, A H = 0.016, and A K s = 0.011. Finally, these values yield the reddening values of E(J − K s ) = 0.014 and E(H − K s ) = 0.005. The distance to IC 1613 was accurately measured from the Cepheid and RR Lyr variable stars (Sandage 1971; Freedman 1988; Saha et al. 1992) . Dolphin et al. (2001) determined its distance as μ 0 = 24.31 ± 0.06 (730 ± 20 kpc) from VI band photometry of the RR Lyr variables. Recently, Pietrzyński et al. (2006) Battinelli et al. (2007a) . Valenti et al. (2004) derived the empirical relationships between the magnitude of TRGB in the near-infrared bands and the metallicity in a galaxy. We estimated the position of the magnitudes and colors of TRGB using relationships of Valenti et al. (2004) for a given metallicity range of [Fe/H] = −1.75 ∼ −1.3. The solid line in Fig. 2 indicates the TRGB range of Valenti et al. (2004) calibrated by the adopted distance modulus of IC 1613. In Fig. 2 , the most prominent stellar component is the RGB population, which is fainter than the magnitude range of TRGB. The supergiant stars in IC 1613 create a sequence vertically from J − K s ∼ 0.75 to ∼1.5 and up to K s ∼ 13.6. The bright blue part of these stars is contaminated by the Galactic foreground field stars. The AGB stars of M-giant and C stars show a red tail that extends horizontally redward of J −K s ∼ 0.8 and near the magnitude range of TRGB. The faintest area of the AGB stars was also polluted by supergiant and bright RGB stars. Thus, a clear separation between the RGB, AGB, and supergiant stars is necessary to study the AGB population. As a first step to remove the contamination in the AGB stars, we estimated the magnitude of the TRGB of IC 1613 and assigned this value as a limited magnitude of the AGB stars. The TRGB is a sharp discontinuity in the evolutionary track of stars caused by the violent onset of core helium burning in low-mass stars. This causes an abrupt discontinuity in the luminosity function (LF) of bright stars, and this discontinuity can be a primary distance indicator. Cioni et al. (2000) suggested that the discontinuity of TRGB in LF can be easily detected as a peak in the second derivative of the observed LF. Thus, we applied the procedure of Cioni et al. (2000) to determine the magnitude of TRGB. A Savitzky-Golay filter was applied to the observed LF to derive the second derivative of the observed LF. The procedure of the Savitzky-Golay filter method for an observed LF was described in detail by Jung et al. (2012) . The lower panel of Fig. 3 shows the LF in K s for the stars in giJHK s photometry, and its second derivative is plotted in the upper panel of Fig. 3 . The mag bin of 0.065 in K s was used when we derived the LF. We detected the discontinuity of the TRGB and its peak at K s = 18.2 in LF and in the second derivative of LF. We preselected stars brighter than the magnitude of TRGB, that is, K s = 18.2, as the AGB star candidates.
In Fig. 2 , the region of stars brighter than the magnitude of TRGB is a composite of three different components: the Galactic foreground stars, supergiants, and AGB stars in IC 1613. The separation into faint magnitude between the supergiant stars and AGB stars is not obvious in near-infrared color. Thus, we examined the distribution of the AGB star candidates on the CMDs of the photometric parameters with a wide wavelength baseline through the optical (gi) to infrared (JHK s ). Figure 4 shows the CMDs with the color indices of gi minus JHK s bands and gi magnitudes for the stars that are commonly detected in infrared and optical data. The AGB star candidates brighter than the TRGB magnitude, which corresponds to the slanted lines in the (g − Ks, g) CMD, are indicated by the painted points. Figure 4 shows that the resolved stars are widely distributed in the color index with a long wavelength range. Indeed, three different components of the AGB star candidates, such as the Galactic foreground stars, supergiants stars, and AGB stars, are clearly distinguishable in the (g − K s , g) CMD. From the luminosity function in g magnitude, we empirically assigned the separation line between the supergiant stars and the AGB stars. The magnitude of g = 22.2, which is indicated as a straight gray line in the (g − K s , g) CMD, was selected from the discontinuity of the luminosity function in g magnitude. It is evident that the straight gray line of g = 22.2 is located at the plume of AGB stars. We describe the isochrones (Girardi et al. 2010) for the metallicity of Z = 0.001 with age of log(t yr ) = 9.0, 9.4 in the (g − K s , g) CMD. The isochrones of AGB stars also demonstrate that our assignment of separating magnitude between supergiant and AGB stars is appropriate. We considered the stars brighter than the magnitude of TRGB and g > 22.2 as AGB stars. The blue limit of the AGB stars was empirically determined based on the color distribution of the AGB stars (Battinelli et al. 2007b ). The final conditions applied for the selection of AGB stars were K s < 18.2, g > 22.2, (J − K s ) > 0.88, (J − H) > 0.6, and (H − K s ) > 0.15 mag. We obtained 446 AGB stars with these selection criteria. Although we removed the contaminations in the AGB stars using several color and magnitude criteria, there is still a possibility that some Galactic foreground stars remain in our final selected AGB stars. We estimated the remaining foreground contamination from the synthesized foreground stars in the direction of IC 1613 using TRILEGAL (Girardi et al. 2005 ). We applied our selection criteria for AGB stars to the simulated foreground stars and found that the potential contamination of foreground stars is about 2% of our final selected AGB stars. The sky position and magnitude of AGB stars along with the photometric error are given in Table 2 . The first column shows the identification number of the observed star. The next two columns contain the sky position of the AGB stars in right ascension (RA) and declination (Dec). In Cols. 4 and 5, we present the magnitude in J band and its photometric error. The same information for the H band and K s band is indicated in Cols. 6 to 9. The last column indicates whether it is a C star or an M-giant star.
The (J − K s , K s ) CMD of the bright stellar populations in IC 1613 was examined with theoretical isochrones of the AGB stars (Girardi et al. 2010; Bressan et al. 2012 ). Figure 5 shows the (J − K s , K s ) CMD of stars brighter than K s = 18.2 compared with the isochrones of two metallicities of A51, page 4 of 12 Z = 0.001, 0.008 and several ages. We note that the isochrone of Bressan et al. (2012) has no thermal pulsing (TP) AGB, thus the isochrone of the pre-TP-AGB was plotted. In Fig. 5 , the most luminous AGB stars seem to have an age of ∼400 Myr (log(t yr ) = 8.6) and ∼1 Gyr (log(t yr ) = 9.0) according to the two isochrones with low and high metallicities. In the upper panel with low metallicity (Z = 0.001) of Fig. 5 , the majority of AGB stars (M-giant stars) is explained by the isochrone with an age of log(t yr ) = 9.4, while the AGB star population also has an age of log(t yr ) = 9.0 and 10.0 in the lower panel with high metallicity (Z = 0.008). In this respect, at a given metallicity (preferably Z = 0.001 because of the low metallicity of IC 1613), the M-giant stars seem to be older than the C stars. Although the widespread distribution of the AGB stars reflects the several ages and metallicities of the AGB populations in IC 1613, the isochrones with low and high metallicity indicate that the common age ranges of the AGB stars in IC 1613 are from log(t yr ) = 9.0 to 10.0. Marginally, the brightest AGB stars seem to have an age of log(t yr ) = 8.6.
Color−color diagrams and the selection of the C stars of IC 1613
AGB stars with spectral type C have redder colors than the M-giant stars, resulting in a broad distribution in the form of a red tail in the near-infrared CMDs. The extreme red color of C stars is caused by the increasing molecular opacity at the atmosphere of the stars as material such as carbon is dredged up by TP (Marigo et al. 2003) . The steep temperature gradient of the C stars enables us to separate them from the M-giant stars by using the distribution of the stars on the CMD or the color−color diagram (CCD). We investigated the distribution of the AGB stars in the (H − K s ) − (J − K s ) CCD to separate the C stars. Figure 6 shows the (H − K s ) − (J − K s ) CCD and color histograms of (H − K s ) and (J − K s ) for the selected AGB stars. Figure 6 shows that the peak and bulk of the color histograms are related to the M-giant stars and the tail at the red end contains the C stars. The color separations of the C stars from the M-giant stars were determined at (H − K s ) > 0.45 and (J − K s ) > 1.28, where the histogram of M-giant stars drops significantly. The applied color limit in (J − K s ) of the C stars is somewhat bluer than the color limit of (J − K) 0 = 1.4 used in several previous studies (Davidge 2005; Kang et al. 2006; Battinelli et al. 2007b; Battinelli & Demers 2009 ). We note that spectroscopic data are necessary for a more accurate identification of M-giant and C stars. However, Battinelli & Demers (2009) discussed that many C stars probably have a bluer color than the (J − K) 0 = 1.4 limit, and Kacharov et al. (2012) indeed found in their spectroscopic data of NGC 6822 that several of the C stars in NGC 6822 have a bluer color than this limit. Thus, our color limit for the C stars is reasonable compared with the other conditions. For an accurate classification of M-giants and C stars, photometric narrow-band data such as CM and TiO or spectroscopic data are necessary. Finally, 140 C stars were selected from the CCD and color histograms for the observed 446 AGB stars of IC 1613.
Discussion
We identified 140 C stars and 306 M-giant stars in the selected AGB stars of IC 1613 by examining the color−color diagram. In the following section, we discuss the properties of the C stars and M-giant stars. The color distribution and luminosity function of both stellar populations are investigated, and the number ratio between the C stars and the M-giant stars (C/M) is also estimated according to the spatial location of IC 1613.
Color distribution and luminosity function of the AGB stars
The color distribution of AGB stars can be used to infer the range of age and metallicity for the AGB stars in galaxies. We investigated the color distributions of (J − K s ) and (H − K s ) for the selected AGB stars in IC 1613, and the results are shown in the upper panel of Fig. 7 . In Fig. 7 , it is apparent that the M-giant stars contribute to the main peak in the color histogram, which is described by the Gaussian function with the standard deviation (σ) in the (J −K s ) and (H −K s ) colors, while the C stars comprise the red tail in the color histogram. The broad color distribution of the AGB stars indicates that the AGB stars have a wide range of ages and metallicities. In our previous studies (Kang et al. 2005 Sohn et al. 2006; Jung et al. 2012) , the age ranges for the AGB stars in NGC 185, NGC 147, NGC 6822, and NGC 205 were inferred: two epochs of star formation with log (t yr ) ∼ 9.0−9.4 and 7.8−8.5 for NGC 185 (Kang et al. 2005 ), a range of age with log (t yr ) ∼ 8.2−8.6 for NGC 147 ), a range of age with log (t yr ) ∼ 8.0−10.0 for NGC 6822 , and an epoch of age with log (t yr ) ∼ 9.0−9.7 for NGC 205 (Jung et al. 2012) . Davidge (2005) also examined the age range for the M-giant stars in NGC 147, NGC 185, and NGC 205 by comparing the (J−K) and (H−K) color distributions of the M-giant stars between −7.6 < M K < −7.2 with the color values at M K = −7.4 of the theoretical Girardi et al. (2002) isochrones with ages of Fig. 4 . CMDs with the color indices of gi minus JHK s band and gi magnitudes. The colored dots are the stars that are brighter than the TRGB magnitude (K s = 18.2), which corresponds to the slanted line in the (g − Ks, g) CMD. The Galactic foreground and supergiants stars are indicated by the blue and orange dots, respectively. The green and red dots correspond to the M-giant and C stars. The red curves in the (g − Ks, g) CMD are isochrones (Girardi et al. 2010) for the metallicity of Z = 0.001 with an age of log(t yr ) = 9.0, 9.4. log (t yr ) = 8.1, 9.0, and 9.8. We also compared the color distribution of the M-giant stars with the theoretical isochrone. The lower panels of Fig. 7 show the (J − K s ) and (H − K s ) color histograms with a 0.05 mag bin size for the M-giant stars in IC 1613. We restricted the brightness range of the M-giant stars with −7.4 < M K < −6.4. We adopted a distance value of μ 0 = 24.291 ± 0.014 (Pietrzyński et al. 2006) and an E(B − V) value of 0.03 (Schlegel et al. 1998) to transform the apparent magnitude into the absolute magnitude. In Fig. 7 , black arrows indicate the (J − K s ) color values at M K s = −7.0 in the Girardi et al. (2010) isochrones with Z = 0.008 and ages of log (t yr ) = 8.6, 9.0, and 10.0, while red arrows indicate (J − K s ) color values of isochrones with Z = 0.001 and ages of log (t yr ) = 8.6, 9.0, and 9.4. Thus, we found that the M-giant stars in IC 1613 have common age ranges with log (t yr ) ∼ 9.0−10.0, with a peak of log (t yr ) = 9.0 in both metallicities. The luminosity function (LF) for the resolved AGB stars in a galaxy is a useful method for comparing the observational results with the evolutionary models of AGB stars. In addition, the bolometric LF and the mean bolometric magnitude of C stars in a galaxy depend on the metallicity and star formation history of the galaxy (Groenewegen et al. 1999; Nowotny et al. 2003 ). In particular, the LF of AGB stars in a galaxy from near-infrared data is more advantageous than those from optical band images, as some red bright stars are not detected in optical images (Freedman 1992; Jackson et al. 2007 ).
The completeness-corrected LFs in the M K s magnitude for the C stars and M-giant stars in IC 1613 are plotted in the left two panels of Fig. 8 . The shape of the LF for the C stars shows an almost Gaussian distribution, and the mean absolute magnitude is M K s = −7.42 ± 0.46. The Gaussian distribution of the C stars in IC 1613 is consistent with our previous result of dwarf irregular galaxy NGC 6822, but inconsistent with the results of dwarf elliptical galaxies NGC 147, NGC 185, and NGC 205. We plot the completeness-corrected logarithmic LF in the M K s of the M-giant stars in the small inner panel of the lower left panel of 8 . The logarithmic slope of the M K s LF for the M-giant stars was measured to be 1.59 ± 0.26 by performing a least-squares fit to the magnitude of −7.7 < M K s < −6.8. The slope of the LF for the M-giant stars in IC 1613 is comparable with the slope of 1.12 ± 0.03 for NGC 6822 , but is much steeper than our previous results of slopes for dwarf elliptical galaxies, that is, 0.79 ± 0.02 for NGC 147 , 0.83 ± 0.02 for NGC 185 (Kang et al. 2005) , and 0.84 ± 0.01 for NGC 205 (Jung et al. 2012 ). This comparison indicates that the dwarf irregular galaxies probably have a star-forming history for M-giant stars different from that of dwarf elliptical galaxies.
The completeness-corrected bolometric LFs of the C stars and M-giant stars are plotted in the right two panels of Fig. 8 . We derived the bolometric correction value in the K band (BC K ) for the C stars and M-giant stars in IC 1613 from the empirical relationships between the BC K and (J − K) for the Galactic and LMC AGB stars. The relationships for the M-giant stars in the LMC and the Galaxy given by Bessell & Wood (1984) and the relationships for the Galactic C stars given by Costa & Frogel (1996) were used for the M-giant and C stars in IC 1613, respectively. The average bolometric correction values in the K band (BC K ) for the C stars and M-giant stars are 3.14 and 2.79, respectively. However, we also note that it is not clear that the BC values obtained from the relation for the Galactic and LMC stars are appropriate to the lower metallicity of AGB stars in IC 1613, and thus accurate BC values for IC 1613 are necessary. In the right panels of Fig. 8 , the bolometric LF of the M-giant stars extends to M bol = −4.5, and that of the C stars spans −5.7 < M bol < −2.8. The average bolometric magnitude of the C stars is M bol = −4.28 ± 0.47, which is comparable with those of C stars in dwarf galaxies, that is, M bol = −4.50 ± 0.42 in NGC 185 (Kang et al. 2005) , M bol = −4.32 ± 0.49 in NGC 147 , M bol = −4.24 ± 0.55 in NGC 205 (Jung et al. 2012) , and M bol = −4.36±0.54 in NGC 6822 ).
Spatial distributions of the C and M-giant stars, C/M ratio, and metallicity
The number ratio of C stars to M-giant stars (C/M) is traditionally used to provide an indirect estimate of the metallicity at the time these AGB stars formed (Mouhcine & Lançon 2003) , as this ratio is anticorrelated with the metal abundances: a higher C/M ratio means lower metal abundances. This anticorrelation between C/M ratio and metallicity is explained by two metallicity effects on the evolution of stars (Blanco et al. 1978; Scalo & Miller 1981; Iben & Renzini 1983): (1) at lower metallicities the stars in a giant branch shift to a higher temperature because of low opacity, thus the oxygen-rich stars with lower metallicities will have a higher temperature than the M stars temperature range; and (2) oxygen-rich stars easily become carbon-rich stars in a lower metallicity environment because fewer carbon atoms are necessary in dredge-up events to transform the oxygen-rich atmosphere into a carbon-rich atmosphere. Several studies provided the calibrations of the relation between the C/M ratio and [Fe/H] (Battinelli & Demers 2005; Cioni & Habing 2003 from several nearby galaxies. However, recent observational and theoretical studies raised some doubt about the C/M ratio as a metallicity indicator. Mouhcine & Lançon (2003) and Feast et al. (2010) reported that the C/M ratio is much more dependent on the age of the populations. The star formation histories of C star and M-giant stars were investigated by Gullieuszik et al. (2008) and Held et al. (2010) . They found that most of the AGB stars younger than ∼6.5 Gyr evolved into C stars with the highest production rate in the last 1 ∼ 2 Gyr, while the number of C stars significantly decreased after 7 ∼ 8 Gyr. The dependence of C stars on age is due to the fact that the stars in a specific mass range can only evolve to the thermal-pulsing AGB phase (TP-AGB) after a certain age, and hence become C stars through the third dredge-up. Karakas (2003) suggested that AGB stars that are more massive than 1 ∼ 1.5 M could become C stars. Kalirai et al. (2014) calculated the third dredge-up efficiency at metallicity Z initial = 0.02 as a function of stellar mass and derived that stars with M initial ≥ 2 M experience third dredge-up and become C stars. Thus, the interpretation of the C/M ratio can be more complicated because of the dependence of C stars on age and metallicity along with the degeneracy between age and metallicity. For example, according to the traditional relationship between the C/M ratio and metallicity, younger AGB populations are more metal-rich than old AGB populations and thus have a lower C/M ratio. However, the young and metal-rich AGB stars with a certain mass, over which C stars are expected to evolve, could have a higher C/M ratio within a few Gyr, while the old and metal-poor AGB stars, which have not enough mass to evolve into C stars because of old age, would have a lower C/M ratio. Therefore, it is necessary to investigate the relation between the C/M ratio and metallicity, which takes the dependence of C stars on age into account. Unfortunately, we did not have enough observational data to examine the dependence of C stars on age. Thus, we just followed the conventional relationship between the C/M ratio and metallicity and noted a possibility of age effect on our results.
From the identified C stars and M-giant stars, we estimated the average C/M ratio of 0.46 ± 0.05 for the WIRCam observed field of IC 1613. Our C/M ratio is lower than the previous result of 0.64 (Albert et al. 2000) , while is consistent with 0.52 ± 0.04 (Sibbons et al. 2015) when we consider the 1σ error. We attribute the difference between our results and the previous results to the method for defining the M-giant stars and C stars and the difference in the observed field of view for IC 1613. We discuss this in the next subsection. The global metallicity of [Fe/H] = −1.23 ± 0.06 for IC 1613 was estimated from the relation between the C/M ratio and metallicity developed by Cioni (2009) . This metallicity value is not much different from the previous results for the metallicity of IC 1613 (Freedman 1988; Cole et al. 1999; Zucker & Wyder 2004 ). More recently, Sibbons et al. (2015) also derived the metallicity of [Fe/H] = −1.26±0.07 for IC 1613 from their C/M ratio. In our previous studies, the C/M ratios of three dwarf elliptical galaxies and one dwarf irregular galaxy were estimated as 0.11 ± 0.01 for NGC 185 (Kang et al. 2005) , 0.16 ± 0.02 for NGC 147 , 0.15 ± 0.01 for NGC 205 (Jung et al. 2012) , and 0.27 ± 0.03 for NGC 6822 . We note that Sibbons et al. (2012) estimated the C/M ratio for NGC 6822 with different criteria for the selection and identification of the AGB populations and found that this value was 0.62±0.03. According to the results of our studies and those reported by Sibbons et al. (2012) study, the C/M ratios of dwarf irregular galaxies seems to be higher than those of dwarf elliptical galaxies. Although our data samples are not large enough to draw a definite conclusion, this result would indicate that the metallicity of dwarf irregular galaxies is systematically lower than that of dwarf elliptical galaxies. We note that at the same luminosity, dwarf elliptical galaxies have a higher metallicity than dwarf irregular galaxies (Richer & McCall 1995) . The C/M ratio of a galaxy is also used to examine the metallicity variations across the galaxy. Figure 9 shows the distributions of the identified C stars and M-giant stars over the VLA HI map of IC 1613 (Lozinskaya et al. 2001) . As shown in the results of Lake & Skillman (1989) , it is apparent that there are a large cavity of HI in the center of the galaxy and a very bright HI spot in northeastern region. Neither C stars nor M-giant stars show a significant spatial coherence over the HI distribution map. However, the M-giant stars seem to be homogeneously distributed beyond the HI distribution, while the C stars appear to be concentrated in or around the HI cavity. Thus, we investigated the C/M ratio variation as a function of radial distance from the center of the HI cavity. We divided the observed sky region of IC 1613 into six annuli with 2 arcmin width. Figure 10 shows the radial distributions of the C/M ratio and inferred [Fe/H] of IC 1613. There is a shallow trend of a negative metallicity gradient with increasing radial distance. The slope of −0.016 ± 0.008 for the C/M ratio gradient (0.006 ±0.003 for the [Fe/H] gradient) indicates that the negative metallicity gradient in IC 1613 is not significant. However, more metal-rich stars are typically concentrated in the central region, and an age effect on the C/M ratio or other parameters could affect the C/M ratio in IC 1613. Thus, we note that the observed C/M ratio trend of IC 1613 would not reflect the metallicity gradient alone, and therefore no gradient or a shallow negative metallicity gradient in a galaxy needs a more detailed investigation.
We estimated the local number counts of the C stars and M-giant stars according to the HI distribution to investigate the spatial correlation between the C/M ratio and HI distribution. In Fig. 9 , five fields with 2 arcmin in radius were selected: one HI cavity in the center (A), the second HI cavity in the northern part of the galaxy (B), the area of the brightest HI spot (C), and the counterpart area to the second HI cavity and bright HI spot (D, E). The estimated number counts of the C stars and M-giant stars and the C/M ratios for the five fields are indicated in Table 3 . The two HI cavities (fields A and B) have high C/M ratios, while the bright HI spot (C) has the lowest C/M ratio. However, the C/M ratios in the fields B and C have a large error because of the low number counts, thus it is unclear whether these C/M ratio values in the two fields are correct. The remaining two HI regions seem to have lower C/M ratios than that of HI cavities in the center. Thus, although the C/M ratios in the five fields have an error so high that it is difficult to draw a definite conclusion, the C/M ratios of the HI gas (D and E) overall seem to be somewhat lower than that of the HI cavity (A). The spatial distribution of the C stars and M-giant stars in IC 1613 might be associated with the HI envelope and its star formation activity. Several previous researchers have studied the star formation history and star formation rate of IC 1613. Cole et al. (1999) suggested that there has been a constant and continuous star formation in IC 1613 from the analysis of the AGB stars. Lake & Skillman (1989) reported that they found no significant recent star formation in the center of IC 1613. Recently, Skillman et al. (2014) also drew the same conclusion: that the star formation history of IC 1613 has been constant over the entire lifetime of the galaxy, and there was no early dominant star formation. Thus, we know that the center of IC 1613 has not had any dominant star formation recently, but it has continuously formed stars constantly over a long period of time. The high value of the C/M ratio in the central area of IC 1613 would be the result of such continuous and constant star formation history.
The luminosity of the AGB stars can be used to estimate their ages. In AGB evolutionary stage, the lifetime of AGB is so short that the brightness of the most luminous AGB stars can be used to estimate the initial mass of stars as well as their ages (Iben & Renzini 1983) . Furthermore, at a given metallicity, the brightness and color of the AGB stars in the CMD have no degeneracy in age. Mould & Aaronson (1982) found that the luminosity extent of the AGB stars can be used as an indicator of stellar age: the brighter the tip of the AGB, the younger the stellar populations. Rejkuba et al. (2006) also found an empirical relationship between age and absolute bolometric magnitude of AGB tip. We note that the bolometric magnitude of the AGB tip also depends on the metallicity, but the effect of metallicity is much waker than that of age. Crnojević et al. (2011) investigated the effects of age and metallicity on the bolometric luminosity of the AGB tip using the stellar evolutionary model at a fixed age (e.g., either 2, 4, 6, or 9 Gyr), and then found that the difference in bolometric luminosity of the AGB tip in several metallicities (Z = 0.0006, 0.0019, and 0.006) is only ∼0.2 mag.
We also investigated the age of the AGB stars we identified in our observation. In Fig. 8 , we indicate the luminosities of the AGB tip with ages of 3, 5, 8, and 10 Gyr obtained from the M bol -age relation of Rejkuba et al. (2006) . It is apparent from Fig. 8 that IC 1613 has formed substantial numbers of AGB stars over the entire lifetime of the galaxy, and the majority of the C stars formed over the past 2−8 Gyr. This time period is when the AGB stars evolve into C stars with the highest production rate, according to previous studies (Gullieuszik et al. 2008; Held et al. 2010) . We can infer that the majority of the AGB stars in IC 1613 are now in the phase of evolving into C stars. The mean magnitude of the four most luminous AGB stars is about M bol = −5.46 ± 0.13, which indicates that the last star formation episode was less than 3 Gyr ago according to the relation of Rejkuba et al. (2006) . The obtained magnitude value is similar Fig. 11 . Cumulative radial distributions of C stars (dotted line) and M-giant stars (solid line) of IC 1613 from the center of the HI cavity. We also plot the cumulative radial distribution of red supergiant stars (dashed line) that were misidentified as M-giant stars in re-identified AGB stars. The K-S test probability is also indicated.
to or brighter than the brightness of the AGB tip of Fornax galaxy (Demers et al. 2002) . Rejkuba et al. (2006) reported that the age of last star formation for Fornax was 300 ∼ 400 Myr ago based on the magnitude of the AGB tip, thus the age of last star formation episode for IC 1613 seem to be similar to that of Fornax. The young age of bright AGB stars is also consistent with the isochrone of log(t yr ) = 8.6 in CMD of Fig. 5 . From a comparison of the AGB stars with isochrones in the CMD of Fig. 5 in the Sect. 3.2, we mentioned that M-giant stars seem to be older than C stars. In Fig. 8 , C stars also seem overall to be younger than the M-giant stars. Thus, C stars probably are relatively more metal-rich than the old M-giant stars and be more concentrated in the central region of the galaxy. This would mean that the high value of the C/M ratio in the central region of IC 1613 does not reflect the real metallicity feature of IC 1613. The age effect of C stars on the C/M ratio, the concentration of metal-rich C stars with ages of 2−8 Gyr, might cause the high C/M ratio in the central region of the galaxy and lead to an incorrect estimate of metallicity feature. To confirm the age effect on the C/M ratio, abundance information of the AGB stars from spectroscopy and modeling of the star formation are necessary.
We investigated the cumulative radial distribution of the C stars and M-giant stars to confirm the concentration of C stars in the central region of IC 1613. Figure 11 shows the cumulative radial distributions of the C stars and M-giant stars. It seems that the C stars are more concentrated than the M-giant stars in the central region of IC 1613. A Kolmogorov-Smirnov (K-S) test gives a probability of about 0.32, which indicates the probability of falsely rejecting the null hypothesis that the two populations have the same cumulative distributions. This would mean that the two populations may have a different distribution in the galaxy and that the C stars are more concentrated than the M-giant stars. However, since the spatial resolution is not sufficient, more accurate and higher resolution photometric data are needed to confirm the concentration of C stars in the galaxy.
Importance of the selection criteria for C stars and M-giant stars
Recently, Sibbons et al. (2015) investigated the AGB stars in IC 1613 using near-infrared imaging data obtained from UKIRT. They identified 843 AGB stars of which they classified 291 as A51, page 10 of 12 C stars and 552 as M-giant stars. Their estimated C/M ratio was 0.53, which is higher than our C/M ratio. One of the most interesting results reported by Sibbons et al. (2015) is the radial distribution of the C/M radio and the inferred metallicity with a positive radial gradient, which is in contrast to our result. The differences between our results and those of Sibbons et al. (2015) seem to be due to the different methods and color limits that were used to identify of AGB stars in a galaxy. We re-identified the AGB stars and classified the C stars and M-giant stars according to the selection criteria of Sibbons et al. (2015) . We were able to identify 702 AGB stars: 460 M-giant stars and 242 C stars. The C/M ratio from the re-identified AGB stars is 0.53 ± 0.04, which is almost the same as the result of Sibbons et al. (2015) . However, we were able to find that a considerable number of stars (about 30%) among the 460 reclassified M-giant stars were highly red supergiant stars. That red supergiant stars were misidentified as M-giant stars with the selection criteria of Sibbons et al. (2015) was also noted in the study of Sibbons et al. (2015) . Here we note that we removed the red supergiant stars from our original M-giant star group in the (g, g − K s ) CMD using the optical imaging data (see Sect. 3.2). We also found that these red supergiant stars, which are misidentified as M-giant stars in re-identified AGB stars, are concentrated in the center of the galaxy. We plot the cumulative radial distribution of the red supergiant stars misidentified as M-giant stars in Fig. 11 . It is evident that the red supergiant stars are concentrated in the central region of galaxy. Thus, if we do not remove the red supergiant stars from the M-giant stars group, the radial distribution of the C/M ratio would show a low C/M ratio in the central region of the galaxy. Indeed, the radial distributions of the C/M ratio obtained from the classified C stars and M-giant stars according to the selection criteria of Sibbons et al. (2015) show a similar tendency to the result of Sibbons et al. (2015) . Thus, we should keep in mind that different methods for identifying AGB stars and different selection criteria can cause different results and interpretations. A more accurate method for identifying of AGB stars and classifying of the C stars and M-giant stars is necessary, for which the abundance information of AGB stars from spectroscopy is needed.
Summary
We have investigated the properties of AGB stars in the dwarf irregular galaxy IC 1613 using the JHK s photometry imaging data obtained from the WIRCam CFHT. The magnitude of the TRGB was determined, and the AGB stars of IC 1613 were identified. We also further classified the C stars and M-giant stars in the AGB stars. Our main results are summarized as follows.
1. A TRGB magnitude of K s = 18.2 was estimated from the luminosity function of the RGB stars using the SavitzkyGolay filter. The magnitude of the TRGB was used to identify AGB stars as the faintest limit. We assumed that the AGB stars were more luminous than this value. 2. Our photometric measurements were cross-matched with the optical data of Battinelli et al. (2007a) , and we identified 13 378 stars in common. From the CMDs with the color indices of gi minus JHK S band and gi magnitude, we were able to classify the stellar populations in the field of IC 1613 and remove the foreground Milky Way stars and supergiant stars in IC 1613. We selected a total of 446 AGB stars using the color selection criteria of (J − K s ) > 0.88, (J − H) > 0.6, and (H −K s ) > 0.15. Then, 140 C stars and 306 M-giant stars were separated at (H − K s ) = 0.45 and (J − K s ) = 1.28 on the CCD. 3. The (J − K s ) color histogram contains the main peak of the M-giant stars and the red tail of the C stars. The broad color distribution of the M-giant stars and the isochrone in CMDs indicate that IC 1613 has a range of intermediate-age stars from log(t yr ) = 9.0 to 10.0. The brightest AGB stars seem to have an age of log(t yr ) = 8.6 The logarithmic slope of the M K s LF was estimated to be 1.59 ± 0.26. The M K s and bolometric LFs of the C stars show Gaussian distributions, and the majority of the C stars were formed over the past 2−8 Gyr according to the M bol -agb relation of Rejkuba et al. (2006) . 4. The C/M ratio over the observed field of IC 1613 was measured to be 0.46 ± 0.05. We derived an [Fe/H] abundance of −1.23 ± 0.06 from the C/M ratio by using the relation of Cioni (2009) . We also investigated the radial distribution of the C/M ratio and inferred [Fe/H] from the center of the HI cavity in the central region of the galaxy, from which we found a shallow trend of a negative metallicity gradient. However, it seems more likely that this is due to the change in age of the dominant stellar population according to the radial distance. We found that relatively younger and metal-rich C stars might be concentrated in the center of the galaxy, while the M-giant stars show a homogeneous distribution from the center to the border regions of the galaxy. The local C/M ratios indicate that the HI cavity in the central region of the galaxy has higher C/M values than the HI gas regions. 5. There are, however, a number of problems that remain to be investigated. The methods of identification and classification of the AGB stars can affect the results of the C/M ratio and its interpretation. Furthermore, the age dependence of the C/M ratio needs to be investigated in more detail. Abundance information of the AGB stars from spectroscopy and detailed modeling of the star formation of the galaxy are necessary to solve the negative metallicity gradient and the age-metallicity degeneracy.
